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Abstract 
In the current global economic and technological environment, integrating geological CO2 storage with enhanced oil 
recovery is the most practical way to reduce green-house gas emissions and increase the energy supply (CCUS).  
The overlapping development of large-scale coal conversion industries with existing oil and gas industries in the 
Ordos Basin, Northern Shaanxi Province has created a unique opportunity to apply a systematic approach to an 
energy/environmental protection development strategy: the integration of geological CO2 storage and enhanced oil 
recovery utilizing CO2 flooding (CO2 EOR) and geological storage that has been developed in Wyoming. The coal 
conversion industry in the Ordos Basin (i.e., coal-to-methanol, coal-to-olefins, etc.) provides affordable, capture-
ready CO2 sources for developing large-scale CO2 EOR and CO2 storage projects in the Ordos Basin, China. 
Currently, over 40 Mt of highly concentrated CO2 (> 95%) are being captured and vented from the methanol plants. 
Compared with other CCS projects, the ability to use CO2 from the coal-conversion industry for CO2 EOR and 
geological CO2 storage will make these CCUS projects in the Ordos Basin more cost effective, technologically 
efficient, and environmentally sound. 
 
Supported by US-China Clean Energy Research Center, Shaanxi Provincial Government, and Yanchang Petroleum 
Group Company, the University of Wyoming, Shaanxi Provincial Institute of Energy Resources and Chemical 
Engineering, and Research Institute of Yanchang Petroleum (Group) Company have developed a CO2 enhanced oil 
recovery demonstration project that includes geological CO2 storage in a mature, depleted oil field located in the 
Northern Shaanxi Province, Ordos Basin. Various scenarios for enhanced oil recovery using CO2 flooding integrated 
with geological CO2 storage are being simulated and optimized. The results of the reservoir characterization and 
CO2 flooding simulation show that integrating CO2 EOR with geological CO2 storage is a viable way to reduce CO2 
emission in the region. 
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Introduction 
The Ordos Basin is the second largest sedimentary basin in China. It is also one of the largest and earliest 
discovered, explored and developed hydrocarbon-bearing basins in China. The rapid and large scale developments 
of fossil energy related industries (plants such as coal power, cement, steel, coke, semi-coke, coal conversion and 
petroleum processing) make the Ordos Basin the largest anthropogenic CO2 emission source in China.  The Ordos 
Basin also is one of the most important coal, oil and gas export area in China. The overlapping development of 
large-scale coal conversion industries with existing oil and gas industries in the Ordos Basin, Northern Shaanxi 
Province has created a unique opportunity to apply a systematic approach to energy/environmental protection and 
development strategy: the integration enhanced oil recovery utilizing CO2 flooding (CO2 EOR) with geological 
storage that has been developed in Wyoming.  
 
To apply this systematic approach to energy/environmental protection and development in the Ordos Basin, a 
feasibility study of integration of CO2 EOR and geological CO2 storage demonstration project has been conducted. 
A comprehensive database has been constructed that includes sedimentology and structure mapping, well log 
interpretations, core petrographic observation, petrographic data from laboratory tests, core CO2 injection tests, 
crude oil and formation water analyses, and production data.  The targeted reservoir is the Triassic Yanchang 
Formation, one of most prolific hydrocarbon reservoir in the basin, deposited in a fluvial and delta plain system. The 
targeted reservoir is characterized by extremely low porosity, low permeability, anomalously low reservoir pressure, 
and high reservoir heterogeneity. These typical properties of the Yanchang reservoir make using CO2 for enhanced 
oil recovery much more challenging in the Ordos Basin than in most US basins. It is extremely important to fully 
understand the reservoir petrophysical, petrographic, geochemical and engineering characteristics, CO2/oil/water 
system, stable CO2 sources, compression and transportation capacities, and economic viability for any CO2 EOR and 
geological storage project in these unconventional reservoirs.   
 
Integrated Energy/CCUS development strategy 
The Carbon management Institute of the School of Energy Resources at the University of Wyoming has developed 
an integrated energy/CCUS development strategy, which aims to synchronously, systematically developments of 
coal mining, coal conversion, coalbed methane production (CBM), CO2 enhanced oil recovery, and CO2 storage in 
the Powder River Basin, Wyoming (Figure 1).  
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Figure 1. Schematic diagram showing an integrated energy/CCUS development strategy, which aims to 
synchronously, systematically development of coal mining, coal conversion, coalbed methane production (CBM), 
CO2 enhanced oil recovery, and CO2 storage in the Powder River Basin, Wyoming developed by the Carbon 
management Institute of the School of Energy Resources at University of Wyoming. 
  
In this systematic approach strategy, a contentious problem associated with the development of one 
resource becomes part of a useful resource for the development of another. This integrated energy development 
strategy includes (1) coal mining which would continue using existing extractive technology, or newly developed, 
improved technology; (2) new coal-to-chemical facilities could be located as close to the mines as possible; (3) 
produced water from coal bed methane production or displaced fluid from a geological CO2 storage project would 
be monetized and is used to support the coal-to-chemical industries; (4) depleted gas fields and saline aquifers 
would initially be used as anthropogenic CO2 (emitted from coal-to-chemical plants) surge tanks to support EOR 
activities and would later be used for more permanent storage. Using the initial storage site as a surge tank would 
allow adjacent EOR projects in the mature fields to have optimal flexibility in designing variable injection rates and 
in alternating water and CO2 injection (WAG) strategies; and (5) the CO2 stored in the surge tanks is used for 
enhanced oil recovery. The Powder River Basin in Wyoming possesses all the components of the above systematic 
approach strategy except for the coal conversion process (figure 2).        
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Figure 2. Map showing the distribution of open-pit mines, depleted gas fields, CBM fields, and depleted oil fields 
near the Gillete City, Powder River Basin, Wyoming [1]. 
 
The Ordos Basin in China has a very similar geological setting and energy resources profile compared to 
the Powder River Basin (Figure 3). The energy/environment development strategy developed in the Wyoming 
Powder River Basin is very much applicable to the Ordos Basin. The overlapping development of relatively new 
coal conversion industries with existing oil and gas industries in northern Shaanxi Province has created a unique 
opportunity for applying the systematic strategy: the integration of geological CO2 storage and CO2 EOR. The rapid 
and large scale development of coal conversion industries (i.e., coal to methanol, coal to olefins, etc.) provides 
affordable, captured-ready CO2 sources for developing large scale CO2 EOR and storage projects in the Ordos Basin, 
China. Compared with other CCUS projects, the ability to use CO2 from the coal-conversion industry for CO2-EOR 
and geological CO2 storage will make these projects in the Ordos Basin more cost-effective and technologically 
efficient. 
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Figure 3. Map showing the distribution of coal mines, gas fields, CBM fields, and mature oil fields in the Ordos 
Basin, China. 
 
In the Ordos Basin, recently constructed coal-to-chemical plants and associated coal mines are sited in the same 
location – over underground coal mines (i.e., Shenmu Jinjie Industry Park and Yanchang Jinbian Industry Park). In 
addition, coalbed-methane produced water or displaced water from geological CO2 storage projects would best 
support these coal conversion facilities. In an arid region, the available water resources is major concern for any 
fossil energy related industry developments.  The volume of water required by specific industrial activities varies. In 
the Ordos Basin, the coal-to-methanol plants are designed based on a 6:1 ratio of water to products. Therefore, a 0.6 
Mt of methanol plant in the Ordos Basin annually uses 1.8 Mt of coal and 3.6 Mt of water, and emits 4.0 Mt of CO2. 
A one Mt of coal-to-diesel plant annually uses 3.5 Mt of coal and over 7 Mt of water, and emits 2 Mt of CO2. At 
present, the coal conversion industry in the Ordos Basin would generate 8 Mt of methanol and 1 Mt of diesel 
annually, and would emit 46 Mt of CO2. This ready-captured, high concentration CO2 could be stored in the 
adjacent depleted oil and gas fields, or saline aquifers within the Majiagou Formation reservoirs, which are 
outstanding potential geological CO2 storage saline aquifers. Furthermore, Liao et al. [2] has assessed the CO2 
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storage capacities of 14 oil fields in the Ordos Basin. The total storage capacities of these 14 depleted oil fields 
could be 100 Mt. These depleted oil fields are ideal locations for 1) storage sites for CO2 emitted by coal conversion 
facilities, and 2) as sources of CO2 for EOR projects in adjacent depleted Yanchang reservoirs. The Majiagou 
reservoirs and depleted oil/gas fields could initially be used as CO2 surge tanks to support EOR activities, then when 
the stranded oil in the Yanchang reservoirs is recovered, the depleted oil fields could be converted to permanent 
storage. Using the initial storage site as a surge tank would allow adjacent EOR projects in the Yanchang reservoirs 
to have optimal flexibility in designing variable injection rates and in alternating injection scenarios.  
 
Opportunity and Challenge of the integrated Enhanced Oil Recovery  
Using CO2 Flooding with Geological CO2 Storage in the Ordos Basin 
At present, most CCUS projects focus on capturing and storing CO2 from coal-fired power plants. The greater 
energy consumption and higher cost of CO2 capture from coal-fired power plants have become serious obstacles to 
commercial scale CCUS and CO2-EOR projects. The most prominent regional overlap of the coal-to-chemical and 
oil and gas industries occurs in Shaanxi Province (Figure 4), and availability of large quantities of nearly pure CO2 
associated with the coal-to-chemical industries has created an ideal environment to integrate CO2 enhanced oil 
recovery with geological CO2 storage. Integrating these two critical energy development elements will increase oil 
and gas production and significantly reduce anthropogenic CO2 emissions in an important energy-producing region 
of China. 
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 Figure 4. Map of the Ordos Basin showing geospatial districts, location of gas and oil accumulations, and location 
of stationary CO2 emission sources. The point source CO2 emissions are subdivided according to industrial sector. 
The total annual CO2 emissions in the Ordos Basin are approximately 400 Mt.  
 
More than 40 mature Yanchang oil fields with EOR potential are located near the previously described 
resource confluence, and are eligible for tertiary recovery via CO2 flooding. Many have gone through the secondary 
recovery water flooding stage and appear good for CO2 miscible flooding. These Yanchang oil fields together 
contain 2 billion tonnes of original oil in place (OOIP, Wang et al., 2007). Typically, CO2 flooding recovers at least 
10% in additional production (ranges from 5% to 24%), or in the case of the Yanchang oil fields, an estimated 200 
Mt of oil. Recovering the stranded oil via CO2 flooding would require 700 Mt of CO2 (3.5 tonne per tonne of 
incremental oil recovered). If the EOR project lasted 30 years, it would require about 23 Mt of CO2 annually for the 
CO2 EOR projects in the Ordos Basin. The emissions from current coal conversion facilities (46 Mt of CO2 emitted 
annually) could more than adequately support the EOR activities in the Ordos Basin. Importantly, the CO2 used for 
the EOR projects would be monetized. A very conservative estimate suggests that the CO2 would be worth 
$40/tonne, or $28 billion to recover the 200 Mt of stranded oil in the Yanchang reservoirs. Therefore, the CO2 
typically regarded as a problem with respect to sequestration is worth approximately $28 billion in this scenario. 
Moreover, the Yanchang reservoirs from which the stranded oil is recovered could be converted to permanent 
storage sites for CO2, increasing the capacity of 200 Mt of the CO2 available for the coal conversion facilities.  
 
The majority of oil production in the Ordos Basin is from the Triassic Yanchang Formation. The interbedded 
lenticular sandstone, siltstone, mudstone, and shale was accumulated in fluvial, delta, and lacustrine depositional 
environments. The Triassic Yanchang reservoirs are characterized by extremely low porosity, low permeability, low 
oil saturation, anomalously low reservoir pressure, and high heterogeneity. These characteristics directly resulted in 
a very low recovery (less than 15% in majority fields) for a majority of oil fields in the basin. Most fields are already 
in their later or middle development stage. Table 1 shows reservoir and crude oil properties for selected Yanchang 
reservoirs.  
 
 
 
The depths of screened reservoirs range from 150 to 2200 meters. Reservoir rocks are greenish-grey, middle-fine 
grained sandstones interbedded with fine-grained sandstones and siltstones deposited in subaqueous, delta-front 
distributary channels. Reservoir rocks are mainly feldspathic sandstones that are rounded and well-sorted, and 
cemented by chlorite, mixed-layer smectite, illite, and kaolinite. The presence of laumontite is some reservoirs 
indicates the addition of sediment from volcanic ash: laumontite is also shown to enhance porosity through 
secondary dissolution. The thickness of individual sandstone beds ranges from 7 to 15 meters. Porosity ranges from 
8 to 17%, and permeability ranges from 0.5 to 38 md. Many reservoirs have less than 1 md of permeability. Porosity 
types and distribution and variable and include intergranular pores, secondary dissolution of detrital grains and 
Table 1. Reservoir and crude oil properties for selected oil reservois in the Ordos Basin, China
Oil field
Depth 
meter Reservoir
Bed Thinck. 
meter
Specific 
Gravity API
Viscosity 
mPa.s
Pressure 
Mpa
Temp.  
C
Porosity 
%
Perm. 
md
Oil Satura  
%
Oil      
Type 
Water 
type
TDS    
mg/l
MMP 
Mpa
YC 200-250 Chang 6 13 0.84 37 4.9 1.8 19 9.9 0.55 light/mediate CaCl2 10000
YP 400-450 Chang 2 7.6 0.85 35 5.5 3.6 23 13 6.5 light/mediate CaCl2 46000
ZC 400-450 Chang 6 7.6 0.84 37 5.5 3.6 23 11.2 1.65 53.6 light/mediate CaCl2 42400-87600
QH 400-450 Chang 2 8.7 0.84 37 6.3 3.6 23 14 15 light/mediate CaCl2
YD 350-550 Chang 6 15.7 0.84 37 6.3 4 24 9.4 0.5 51 light/mediate CaCl2
GG 150-350 Chang 6 16 0.83 39 3.9 2 20 9.5 0.54 50.3 light/mediate CaCl2 10000
ZY 150-350 Chang 6 14.5 0.85 35 3.5 2 20 9.2 0.3 56 light/mediate CaCl2
ZL 600-800 Chang 2 5--18 0.85 35 8.9 7 32 17 7.3 42 light/mediate CaCl2 50000-70000
TJ 600 Chang 2 14.8 0.84 37 4.6 29 17.6 38.2 light/mediate CaCl2
PQ 1000 Chang 2, 4+5, 6 9.9 0.86 33 4.45-7.83 9 41 11 2.8 55 light/mediate CaCl2
QY 1000 Chang 6 12 0.84 37 3.92 9 41 13.5 1.6 55.6 light/mediate CaCl2
HS 1100 Chang 6 9.8 0.845 36 5.42 10 44 13.7 2.5 56 light/mediate CaCl2
XH 1200 Chang 6 6.7 0.85 35 5 11 47 12 2.5 light/mediate CaCl3
HU 1800 12 0.77 52 1.64 18 71.6 10 0.5 light/mediate CaCl2 19.5
MU 2200 14 0.73 62 1.35 22 76 8 0.5 light/mediate CaCl2 19.8
light/mediate
DB 2000 Chang 6 12 0.78 50 2 12 44 8 1 40 light/mediate CaCl2 70000 15.7
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authigenic minerals such as feldspars, calcite, and laumontite, lithofragment pores, and enhanced porosity along 
microfractures. The average pore throat radius is 0.55 um, pore diameters range from 10 um to 100 μm, and average 
55 μm. The capillary displacement pressure ranges from 0.22 to 0.49 MPa.    
 
The formation water type is calcium chloride with high total dissolved solids from 10,000 to 70,000 ppm. The 
quality of crude oil is light or intermediate, with specific gravity ranging from 0.72 to 0.84 or API 35 to 62. The 
majority of the reservoirs have oil saturations from 40 to 60%. The viscosity of the Yanchang crude oil ranges from 
1.3 to 9 mPa.s. All reservoirs are anomalously underpressured with pressure coefficient of 0.9 (0.39 psi/ft), even at 
the beginning of the field development. Therefore, the residual pressures for most candidate reservoirs are below the 
minimum miscible pressures. Because all reservoir sandstones were deposited in fluvial and lacustrine 
environments, very low continuity and high heterogeneity is common. The multi-age natural fractures are found in 
most cores from the Yanchang reservoirs. Figure 5 shows a typical distribution of the Yanchang pay zone in the 
Ordos Basin. The light green areas are compartmentalized, disconnected lenticular sandstones and siltstones 
separated by mudstones and shales. Multi series/directional fracture systems make the reservoir heterogeneity more 
severe.  
 
 
Figure 5. A typical Triassic Yanchang reservoir in the Ordos Basin shows the distribution of the compartmentalized, 
disconnected lenticular sandstone and siltstone (green color areas) is separated by mudstones and shales.    
 
The extremely low porosity, low permeability, low oil saturation, anomalously low pressure, and high reservoir 
heterogeneity make using CO2 to enhanced oil recovery more challenging than any CO2 EOR project in the US. 
This unique characteristic is one of major reasons why CO2 EOR projects are not widely developed in the Ordos 
Basin, even though high concentration CO2 sources (from coal conversion plans) have been available for years. 
Table 2 lists the reservoir and crude oil properties for selected oil reservoirs in the Ordos Basin, China.  
 
Table 2 compares the reservoir and crude oil properties with the Current US CO2 EOR screening guidelines 
(Assembling from literatures; especially [3, 4, 5]. In this comparison, gravity, viscosity, crude oil composition, and 
formation type indicate that the Ordos reservoirs are favourable for CO2 miscible flooding. The major challenges 
come from anomalously low reservoir pressure, low porosity and higher reservoir heterogeneity. The low 
permeability may help to increase CO2–oil multiple contact chance, but could also be an issue for reaching sufficient 
flow rates.  
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Although a CO2 EOR projects in the Ordos Basin faces major challenges, it is an intriguing opportunities to develop 
the CO2 EOR projects in the Ordos Basin. Beside of local available CO2 sources, the thin beds and 
compartmentalization are favourable for creating a stable flow (reduce the CO2 flow figuring) and gravity 
segregation to increase the sweep efficiency. Reservoir pressure is a primary factor to determine CO2 miscibility. 
According to previous works [4, 6], it is possible to achieve different levels of miscibility, ranging from immiscible 
(low-pressure reservoirs) through intermediate- to high-pressure applications (miscible displacement). The 
minimum miscibility pressure has a wide range of values depending on depth, temperature, and crude oil 
composition. A minimum of 8 MPa (800 meters, 1180 psi) is generally regarded as a target reservoir pressure at 
which to conduct a successful CO2 flood. This condition imposes an important restriction related to the current level 
of reservoir pressure for a miscible CO2 flooding in the Ordos Basin. A structure map on the top of the Yanchang 
Formation reveals that a significant number of reservoirs in the Ordos Basin fall below 800 m present-day depth. 
Since the oil and gas reservoirs in the Ordos Basin typically have very high irreducible water saturation, the water 
flood is not efficient for enhanced oil recovery. Injecting CO2 into reservoir without production could be an efficient 
way to establish the reservoir pressure to meet the minimum miscible pressure requirement. A pre-CO2 injection 
simulation for building the reservoir pressure has been generated for various scenario. For a test reservoir, the 
average depth of the targeted reservoir is 1500 m with 10% porosity, 1 md permeability. The injection rate of 
supercritical CO2 is 23 kg/minutes. The residual reservoir pressure is anomalously underpressured, 11.5 Mpa. The 
simulation results from the Los Alamos National Laboratory FEHM simulator shows that the minimum miscible 
pressure could be established for this reservoir after 100 days of supercritical CO2 injection (Figure 6).  
 
US Recommended US Current Projects Rang Ordos
Gravity < 0.92 (> 22 API) 0.81 - 0.89 (27 -44 API) 0.73-0.86 (33-62 API)
Viscosity < 10 cp 0.3 - 6 1.3-9 cp
Composition high C5 to C12 percent light -intermediates light -intermediates
Oil Saturation > 40% 15 -70% 40-56
Formation Thin beds Sandstone /carbonate thin sandstone beds
Porosity > 8% 4-18% 5-17%
Permeability Not critical 3-31 md 0.1-7 md
Depth > 800 m (2600 ft)  200-2500 m (650-8200 ft)
Table 2. Comparison of Ordos reservoir/crude oil properties with the US  
CO2 EOR screening Guidline
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Figure 6. Ploting the results of CO2 injection simulation from LANL FEHM simulator show injection rat and time 
needed to establish the minimum miscible pressure for a miscible CO2 flooding project. 
 
Conclusion 
The overlapping development of large-scale coal conversion industries with existing oil and gas industries in the 
Ordos Basin, Northern Shaanxi Province has created a unique opportunity to apply a systematic approach to 
energy/environmental protection development strategy: the integration of geological CO2 storage and enhanced oil 
recovery utilizing CO2 flooding and geological storage (CO2 EOR) that has been developed in Wyoming.  
 
The rapid and large scale developments of coal conversion industries (i.e., coal-to-methanol, coal-to-olefins, etc.) 
provides affordable, capture-ready CO2 sources for developing large-scale CO2 EOR and CO2 storage projects in the 
Ordos Basin, China. Compared with other CCS projects, the ability to use CO2 from the coal-conversion industry for 
CO2 EOR and geological CO2 storage will make these CCUS projects in the Ordos Basin more cost effective, 
technologically efficient, and environmentally sound. 
 
Injecting CO2 into the reservoir prior to production could be an efficient way to establish the reservoir pressure to 
meet the minimum miscible pressure requirement. The CO2 injection simulation results for a typical Yanchan 
mature reservoir show that the minimum miscible pressure could be established after 100 day’s supercritical CO2 
injection. 
 
The extremely low porosity, low permeability, low oil saturation, anomalously low pressured reservoir, and high 
reservoir heterogeneity make CO2 EOR more challenging than any CO2 EOR project in the US. However, unique 
characteristics in the reservoir, ready available sources of CO2, and large stranded oil reserves create an intriguing 
opportunity for integrating CO2 EOR with geological CO2 storage projects.  
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